Abstract-Impedance surfaces are artificially designed periodic structures that support surface waves. This paper presents a novel concept of a nonlinear impedance surface, whose impedance increases with the surface wave power. The proposed surface consists of a lattice of modified slotted mushroom-like cells loaded with varactor diodes and lumped circuits. The circuits are designed to sense the incoming surface wave power and feed back the signal to control the bias of the varactors, which eventually tunes the surface impedance. Such proposed power-dependent impedance surface has been demonstrated by a prototype consisting of 4 × 10 cells. It is observed from the experiments that as the power varies from 16 to 27 dBm, the surface exhibits a surface impedance range as much as j385 to j710 Ω. This characteristic enables the surface to be potentially useful in self-trapping surface-wave waveguide, power-dependent beam-steering antenna reflector, and other nonlinear applications.
I. INTRODUCTION
E LECTROMAGNETIC (EM) surface waves propagate on the interface of two materials, such as metal and free space [1] . By purposely designing metal-dielectric textures, one can change the effective impedance of the media, and thus control the properties of the surface waves.
Many surface-wave media have been developed, such as corrugated single-surface structures [2] , soft and hard surfaces [3] , rectangular arrays of thin conductive pins [4] , and high-impedance surfaces (HIS) [5] . Two-dimensional (2-D) impedance surfaces have been developed in recent years and attracted more interests owning to their advantages of low profile and easy fabrication with printed-circuit-board (PCB) technology. They are proposed in various surface wave applications, such as surface-wave waveguides [6] - [8] and beam shifters [9] , [10] , and antenna designs, such as leaky-wave antennas [11] - [14] , and antenna reflectors [15] , [16] . In complex radio frequency (RF) systems, low-power waves are necessary for normal communication devices, while highpower transmitters often cause interference, or even damage, to the sensitive devices. These effects are often couplings through surface waves [17] . Nonlinear metamaterials, which have been investigated in other research [18] - [22] , can be possible solutions to address this problem. In [17] , [23] , and [24] , nonlinear metasurfaces that absorb high-power surface waves but allow propagation of low-power waves were proposed. However, if the high-power waves could be distinguished from low powers by using power-dependent surface impedance, instead of directly suppressing them, it would provide greater flexibility in designs and potentially enable a new range of EM applications.
Regarding to the realization of the nonlinearity, we proposed a modified mushroom PCB structure loaded with varactor diodes on the top layer and lumped sensing circuits on the bottom layer, as shown in Fig. 1 . Its nonlinearity is illustrated specifically in Fig 2 . In contrast to a normal linear surface, whose impedance remains constant regardless of the incident power, the impedance of the proposed surface increases from z 1 to z 3 in the nonlinear region when the power increases from p 1 to p 2 , and remains unchanged in the linear region when the power is below p 1 or above p 2 .
The nonlinearity enables the surface to be useful for at least two applications. For instance, it could be potentially used for self-trapping surface waves. As has been realized in [25] , an optical beam was observed maintaining its magnitude and narrow shape while propagating in nanoparticle suspensions. This is because the concentration of particles in the Fig. 2 . Comparison between normal surface and the proposed surface in terms of impedance characteristic. Impedance of a normal surface has a constant value that is independent of the incident power. Conversely, the impedance of the nonlinear surface increases from z 1 to z 3 in the nonlinear region when the incident power changes from p 1 to p 2 . It has constant value in the linear region where the power is below p 1 or above p 2 .
suspensions increased with the magnitude of light; hence, effective refractive index in the beam vicinity was enhanced, which finally balanced the scattering effect of the beam. Similarly, the self-trapping effect could also be expected for high-power surface wave beams on the proposed surface, which would be of great use at EM frequencies. In addition, the surface could be used for self-beam-steering antennas. Besides of the impedance effect on surface waves, the HIS has reflective phase to normal incidence of plane waves from π, to zero, to −π as the frequency varies from low frequencies, to its resonant frequency, to high frequencies [1] . So, it is also reasonable to relate the impedance performance of the proposed surface to its reflective phase to the plane waves. If it is used as an antenna reflector, beam could be steered with angle that is tuned by transmitting power, which basically shares the same idea with [15] , [16] where steered angles were tuned manually. This qualifies the surface as a competitive candidate in future intelligent antenna designs.
This paper is arranged as follows. Designs of the surface are described in Section II. Three parts are included: the unit cell and its impedance characteristic are presented in detail at the beginning; impedance properties of the surface as function of direct current (DC) bias voltage are investigated in the second part; design of the sensing circuit is introduced in the third part. Section III contains measurements of the prototype and analysis of results. Finally, conclusion is drawn in Section IV.
II. THE DESIGN OF THE NONLINEAR IMPEDANCE SURFACE
As illustrated in Fig. 1 , the nonlinear impedance surface is built on a lattice of modified slotted mushroom-like cells, whose impedance depends on its surface capacitance. Varactors are utilized for tuning the capacitance. The lumped circuits are designed for sensing incident power and controlling the varactors to implement the power-capacitance-impedance tuning mechanism. In the following part of this section, design of the unit cell, its impedance properties with the varactors, and sensing circuit design will be introduced.
A. Modified Slotted Mushroom-Like Unit Cell
According to Sievenpiper et al. [5] , when the mushroom structure of the HIS interacts with EM waves, currents are generated on the top surface, causing voltage difference between neighboring metal patches and thus charges on the edges of these patches, which can be represented as sheet capacitance C. Meanwhile, currents are induced within the structure as the charges oscillate between patches through the vertical vias and ground. The magnetic field involved with the currents can be represented as sheet inductance L. Therefore, a sheet impedance that is associated with the sheet capacitance and the sheet inductance is assigned to the surface. It is equal to the impedance of a parallel resonant circuit
where ω is angular frequency. Thus, it is clear to see that the impedance can be tuned by the capacitance, which can be easily realized by loading varactors between the patches [16] . In this paper, a lattice of slotted mushroom-like structure is adopted for integrating the varactors and the sensing circuits. The structure is illustrated in Fig. 3 . Rogers RT/duroid 6006 with permittivity of 6.15 is employed as the substrate. On the top layer, the square metal patch of the HIS is slotted into a smaller square patch and a square-ring-shaped patch. Five vertical vias with diameter of d 1 connect from the top layer, through the substrate, to the ground layer. Four of them are at the center of each arm of the square ring, and the fifth one is at the center of the square patch. These vias are isolated from the ground layer with clearances of d 2 . Varactors are applied across the slot for tuning the surface capacitance and thus the surface impedance.
Before investigating the impedance characteristic of the unit cell in the presence of the varactors, we first analyze the characteristic with lumped capacitors in place of the varactors. The modified mushroom unit cell is analyzed with the eigenmode Their capacitance values are set as C slot . The cell is placed at the bottom of an air box. The top of the air box is set to be perfect electric conductor (PEC). Surface waves are bound waves that decay exponentially into the air, and it is found that their fields are negligible above 80 mm. So when the height of the air box is set to be 80 mm, the PEC boundary has very little influence on the fields and gives equivalent results to perfectly matched layer boundary (PML). PEC is preferred because it costs shorter solution time than PML [8] , [26] . Two pairs of the parallel vertical walls of the box are, respectively, set as two sets of "master-slave boundaries." Meanwhile, phase delay across the cell is set. In this way, an infinite lattice of periodic cells is solved in the eigenmode solver. According to the phase delay and distance between the walls, the solver returns the mode frequencies that satisfy the boundary conditions [26] . By sweeping the phase delay in either +x or +y direction, the dispersion relation of the cell corresponding to a C slot value can be obtained. More details of the settings are shown in Fig. 4 .
The first surface wave mode supported by the structure is investigated, whose magnetic field is transverse to the direction of propagation, whereas the electric field is vertical near the surface. So, it is called transverse-magnetic (TM) polarized surface wave [5] . Structural parameters have been optimized to produce a smooth impedance change within our purpose frequency range from about 1.6 to 1.7 GHz, which are listed in Fig. 3 . Fig. 5 (a) presents the dispersion curves when C slot is swept from 1 to 3.5 pF. Surface impedance can be obtained from the dispersion relation [26] 
where k is wave number. The calculated results are shown in Fig. 5 (b). It can be observed that the impedance increases with C slot . Particularly, the surface impedance changes from about j175 to j850 Ω at 1.6 GHz when C slot increases from 1.5 to 3 pF. It rises from j250 to j800 Ω at 1.7 GHz when C slot varies from 1 to 2.5 pF. These results indicate that it is realizable to tune the impedance of the lattice by adjusting lumped capacitances cross the slot, and this will be implemented with varactors in the following section.
B. Cosimulation of the Impedance Surface
The effect of the practical varactors on the surface impedance is investigated. The circuits are plotted in Fig. 6 . For each cell, the center via is connected to a DC voltage source V i and one of the outer vias is connected to the ground. Large resistors R 0 are added between the vias and the circuit to prevent RF currents flowing to the ground. RF chokes are also theoretically useable for the purpose, but oscillations occurred when they were measured with the sensing circuits. To guarantee the stability, the resistors are finally used at the cost of small DC voltage drops.
There are three restrictions for choosing the varactors. First, their capacitances should be between 1 and 3 pF, which is within the range simulated in the last section for the unit cell. Second, because in the end the varactors will be biased by the sensing circuits, their reverse voltage should not be too high The vias do not touch the bottom of the air box. In Ansys Designer, SPICE models of the varactors are connected to the lumped ports on the top layer of the substrates. The circuits are connected to the lumped ports on the ground layer. Source and load ports are, respectively, connected to the wave ports at the ends of the air box.
according to the output range of the circuits, which will be presented in the next section. Finally, parasitic series resistances of the varactors should be as low as possible so that the insertion loss caused by the structure to the surface waves is minimized. To make a tradeoff, Skyworks SMV1405 varactor diodes are chosen in this research.
Because the eigenmode simulation does not allow varactors and other nonlinear or active circuit elements, the method to calculate surface impedance is based on phase shift of waves that transmit through a sample of several cells. The phase shift φ is converted into refractive index by using
where l is the length of the sample and k 0 = 2π/λ 0 is the wavenumber in free space. Then surface impedance can be obtained from [9] 
It can also be deduced from (2) . Here Z 0 is the impedance of free space. The cosimulation is employed based on the driven modal solver in HFSS for EM simulation and Ansys Designer 8.0 for circuit simulation. The method is similar to the ones introduced in [17] , [23] , and [24] , but phase delay of signals, rather than transmission power, is considered here. In the driven modal solver of HFSS, a model consisting of a one-dimensional (1-D) structure with 10 repeatedly cascaded cells is built, which is located at the bottom of an air box. The substrate above the ground layer is Rogers RT/duroid 6006, and the substrate below the ground layer is FR4 with thickness of 1 mm. For the air box, two vertical walls are set as PMC, and top and bottom are set as PEC. Its height is 54.6 mm, which is the same as the rectangular waveguide (WG) used in the measurement presented later. Two wave ports, named port 1 and 2, are set at the two ends of the air box. De-embedding distances of 100 mm are set to make the ports further away from the substrates in order to minimize the coupling effects. The value is chosen as a tradeoff between simulating accuracy and time. Owing to the boundary settings, the one-row structure is calculated effectively as a lattice of cells with infinite rows in parallel that is placed at the bottom of a parallel-plate waveguide and illuminated by the transverse-EM-mode (TEM-mode) incident waves. Since TM polarization is the only mode that is supported by the surface at the frequencies of interest, the TEM-mode waves couple into the TM-mode surface waves, whose propagation are affected by the surface impedance. For each cell, four lumped ports are set across the slot for connecting the varactors, and another two lumped ports are set at two of the ring-shaped clearance regions between the vias and the ground layer for connecting the circuit. The five vias go downward through the ground layer to FR4 and keep a distance of 0.05 mm away from the bottom of the air box. The circuit layout on the bottom layer is excluded because it barely influences the EM simulation. Details of the HFSS model are shown in Fig. 6 , where only two cells are shown for brevity. The EM simulation can also be performed by modeling the real-measured structure, which is a surface of 4 × 10 cells placed in a rectangular waveguide, but the calculation for such a big model is very time-consuming. In fact, the two models were both proved to be reliable in [23] , [24] , so the 1-D model is chosen here.
After the EM simulation in HFSS, the 1-D 10-cell model is imported into Ansys Designer, where it is connected with the bias circuits and SPICE models of the varactor diodes. The source port and load port are connected to the ports 1 and 2 of the HFSS model, respectively. Their impedances are set to be the same as the characteristic impedance of the parallel-plate waveguide in HFSS, so they are well matched with the wave ports.
Voltage transmission coefficients from the port 1 to 2, which are defined as S 21 , are then obtained from the circuit simulation. Their magnitudes and phases are illustrated in Fig. 7(a) and (b), respectively, with V i being swept from 1 to 14 V. From Fig. 7(b) , it is clear that the phase decreases around 1.625 GHz as V i increases, which means the waves experience longer electrical distance. Since the physical length of the surface is constant, longer electrical distance means larger refractive index of the surface according to (3) . By using (4), we can obtain the impedance of the surface, which is plotted in Fig. 8 . As expected, the impedance is tuned by the voltage. For example, the impedance is tuned from j200 to j500 Ω at 1.625 GHz, which is consistent with the results of the eigenmode simulation.
From the magnitudes of S 21 as shown in Fig. 7(a) , it is found that the transmission decreases with the increasing impedance, which is partially due to the power dissipation caused by the lossy substrates and the parasitic series resistances of the varactors. Mias and Yap [27] have reported significant absorption caused by lossy varactors when an impedance surface was illuminated by normally incident plane waves. Similarly for surface waves, as the impedance of the surface increases, EM fields are bounded closer to the surface, hence larger RF currents are induced. Consequently, more energy is dissipated by the resistances. The issue can be improved by utilizing more efficient varactors or other less lossy components. In addition, mismatch between the wave ports and the surface associated with the increasing impedance also contributes to the reduction of the transmission. On the other hand, the frequency ranges of the TM-mode waves can be specified by the magnitude drops because TM mode is cutoff at the resonant frequency of the surface [5] . Taking V i = 1 V for instance, it is seen that the magnitude decreases to the lowest point at about 1.61 GHz, indicating that the frequency range of the TM mode is from 0 to about 1.61 GHz. At frequencies above 1.65 GHz, the transmission rises again, which is believed to be higher order modes that propagate through the free space above the surface. 
C. Sensing Circuit
Another important part of the impedance surface is the circuitry for sensing the power of the surface waves and controlling the varactors. As plotted in Fig. 9 , the circuit includes two parts. The first part is for rectification, which senses RF signals through the center via and converts them into DC signals. It includes two capacitors, which are C 1 and C 2 , two Schottky diodes, and an inductor L 1 , which is used for matching. A DC voltage source V d and a large resistor R 0 are used for biasing the two diodes. Because the DC signals are not high enough to bias the varactors, they are amplified using the next part of the circuit. It is a noninverting amplifying circuit, whose gain is determined by relation of the two large resistors R 1 and R 2 . The amplifier is Analog Devices AD825, and the diodes are Avago HSMS-286C. Optimized values of the components and biasing voltages are shown in Fig. 9 .
The circuit is built into the unit cells and measured in a rectangular waveguide WR430 (54.6 mm × 109.22 mm). One adaptor of the waveguide is connected to RF power generator Agilent N5181A. The other one is terminated by a 50-Ω load through a 30-dB attenuator. The input RF power is swept from 0 to 27 dBm. Results within the intended frequency range are plotted in Fig. 10 . It is observed that the circuit has a stronger response at 1.69 GHz than at other frequencies. This is because the rectifying circuit is narrow-band, with a frequency range that depends on the inductor L 1 . With the current value of L 1 , the circuit matches well with the mushroom structure, and it is measured to have optimum performance at 1.69 GHz. Overall, from 1.63 to 1.72 GHz, the output can vary from 1.6 V to at least 9 V when the power increases from 0 to 27 dBm, which is a suitable range for biasing the varactors.
III. MEASUREMENT
As shown in Fig. 11 , unit cell of the proposed surface is obtained by combining the impedance-tunable unit cell (Fig. 6 ) and the power-sensing circuit (Fig. 9) . V i is set to be 14 V for guaranteeing the reverse biasing of the varactors. When the RF power is low, reverse voltages across the varactors are high, which corresponds to low surface impedance; whereas when the power increases, the reverse voltages decrease, causing the impedance to increase. A prototype with 4 × 10 cells is fabricated which is shown in Fig. 12 . The measurement is conducted by placing the prototype in the WR430 waveguide. The method is chosen because of the following three reasons. First, at the frequencies of interest, the dominant mode in the waveguide, TE 10 mode, induces electric charges, and thus vertical electric fields, at the bottom of the waveguide, which resemble the vertical electric fields of the TM surface waves near the surface. As a result, only TM mode is excited on the prototype. In addition, it is a costeffective approach since a small specimen is enough to fit in the waveguide. Third, it is easier to control the incident power level compared to other measurements in free space, such as in [9] . This measurement method has been demonstrated to be reliable for TM-mode travelling surface wave absorption [23] , [24] .
A. Tuned by DC Bias for Varactors
The prototype is at first tested with varactors being biased only by DC voltage. Three of the sources in Fig. 11 , which are V d and ±V sup , are disconnected, so that the varactors are directly tuned by V i . The prototype is placed in the waveguide. Its wires are connected to the external voltage source. Adaptors for the waveguide are connected to the ports 1 and 2 of Agilent E5071C vector network analyzer (VNA). The power input into the waveguide is −5 dBm.
Scattering parameters, which are S 11 and S 21 , are measured with varying V i . The S 11 indicates the voltage reflective coefficient at the input port. Their magnitudes are shown in Fig. 13 . It can be seen from Fig. 13(b) that, for each V i value, the transmission coefficients are high at lower frequencies, but they deteriorate at higher frequencies. The edges of the transmission drops vary with the resonant frequency of the surface depending on V i . Because of the loss from the varactors as discussed earlier, one can notice that the troughs of S 11 and peaks of S 21 are not matched well. Besides of that, the drops of S 21 are caused by other two reasons. First, at frequencies higher than the resonant frequency of the surface, TM-mode surface waves are not supported by the surface [1] , so the TE 10 -mode waves cannot propagate in the waveguide when the surface is placed inside. In addition, as shown in Fig. 14 , the prototype is shorter than the waveguide, so it only occupies the section in the middle. As a result, there is impedance mismatch between it and the air sections, leading to strong reflections especially when its impedance increases. This is manifested by the magnitudes of S 11 shown in Fig. 13(a) .
The measured phase of S 21 is shown in Fig. 15(a) , from which increasing phase shift is observed with decreasing voltage. Since the prototype occupies the middle section of the waveguide, the measured result φ p includes the phase shift of the two sections of air (i.e., φ 1 and φ 3 ) and the prototype (i.e., φ 2p ), as shown in Fig. 14, thus we have
In order to obtain the φ 2p , phase of S 21 of empty waveguide is also measured, which is
where φ 2air is the phase delay of signals propagating through an empty section that has equivalent length to the prototype. It can be calculated theoretically by [28] 
where l 2 is the length of the prototype, f c is cutoff frequency of the waveguide, which is 1.375 GHz, and β 0 is the phase constant in empty rectangular waveguide. Then, φ 2p can be derived from (5) and (6) as
Insert (7) into (8), phase shift of the prototype can be obtained. For the section with the prototype in the waveguide,
assuming approximately that the cutoff frequency of the TE 10 mode does not change considering that the two vertical walls of the waveguide, which set the cutoff frequency, are still PEC. Thus,
Impedance Z s can be further derived based on (4), which is shown in Fig. 15(b) . As expected, the impedance depends inversely on the bias voltage. At 1.65 GHz for example, the impedance ranges from about j370 to j780 Ω when the voltage decreases from 14 to 2.3 V. Compared with the eigenmode simulation, the same impedance range corresponds to capacitance variation from about 1.7 to 2.7 pF, which is a little higher than capacitance range on the datasheet of the varactor. This is due to parasitic capacitances and series inductances of the varactors.
B. Tuned by Power
Power-dependence of the prototype is then measured with the sensing circuits being activated. V d and ±V sup are connected as Fig. 11 shows. Based on the measurement of the sensing circuit, the incident power should be swept from 0 to 27 dBm, which is higher than the VNA can provide. So, an Ophir 5022 RF power amplifier is used. If the power amplifier is connected directly between the VNA and the waveguide, since the reference signal is measured before the amplifier, the mismatch between the devices or the drift of the amplifier cannot be eliminated. In order to address the problem, a bidirectional coupler is added, and the "external test set mode" of the VNA is employed [29] . The system configuration is illustrated in Fig. 16 , where the four ports of the VNA are arranged as a source port (S), reference port (R), test ports for reflection (A), and transmission (B). The incident signal is measured in the R port after the power amplifier, so the mismatch or drift of the amplifier is canceled [29] . Scattering parameters of the waveguide are measured by
The gain of the amplifier is set to be 25 dB, and the output power of the VNA is swept from −25 to 2 dBm. Two 30-dB attenuators have been included in the coupler for protecting the R and A ports, and another 30-dB attenuator is used to protect the B port. A photograph of the measurement system is shown in Fig. 17 . The sweep time of the VNA is set to be 10 s so that there is enough time for the circuit to respond at each frequency from 1.6 to 1.75 GHz.
The measured S 21 are plotted in Fig. 18 presented in Fig. 10 . At 1.66 GHz for instance, when the power is 24 dBm, the output of the sensing circuit is 8.4 V (see Fig. 10 ), so the voltage across the varactors is about 5.6 V. It can be seen that the DC-bias measurement with V i = 6 V [see Fig. 13(b) ] and the power-dependent measurement with P = 24 dBm [see Fig. 18(a) ] provide almost the same results. The impedance performances are calculated with the approach discussed before. The curves are shown in Fig. 19 , exhibiting almost the same impedance range as Fig. 15(b) with V i varying between 14 and 3.2 V. At frequencies from about 1.64 to 1.67 GHz, the impedance is obviously tuned by the power. The largest impedance range is j385 to j710 Ω at 1.66 GHz.
Compared to the DC-bias result, an interesting phenomenon is the steep rise of the impedance curves increasing with the frequency. Take P = 25.5 dBm for example. The impedance is about j410 Ω at 1.65 GHz, and it increases sharply to j500 Ω at 1.655 GHz. The main reason is believed to be the frequency-sensitivity of the sensing circuit. From Fig. 10 , it can be observed that for a certain RF power input, the output of the circuit increases as the frequency moves toward 1.69 GHz, which makes the surface impedance sensitively enhanced around that frequency. A possible solution is employing wide-band sensing circuit with more stable output. In addition, the phenomenon also results from double-enhancing effect on the impedance caused by both the incident power and the bounded RF fields. Specifically, when the incident power increases, the surface impedance is enhanced as analyzed before; while the impedance is increasing, the EM fields of the surface waves are bounded closer to the surface, which also reinforces the DC outputs of the sensing circuits and thus the impedance. The improvement of this issue is a topic for future research. Nevertheless, the results clearly demonstrate the power-dependent impedance characteristic of the surface.
IV. CONCLUSION
We have demonstrated a nonlinear impedance surface, whose impedance can be tuned over a range from j385 to j710 Ω by power level of surface wave increasing from 16 to 27 dBm. The nonlinearity is achieved by integrating a lattice of modified slotted mushroom unit cells on a PCB with lumped sensing circuits, which are for sensing the power levels, and varactor diodes, which are for tuning capacitances of the cells. It makes the surface potentially suitable for nonlinear applications such as self-trapping surface-wave waveguide and power-dependent beam-steering antennas. For these applications, a much larger surface is necessary for our future work. Apart from the advantages, one limitation of the surface at the moment is the narrow operational frequency range and frequency-sensitivity, which are partially due to the narrow-band performance of the sensing circuit. One possible solution is employing a RF power detector circuit that can rectify and amplify the signals stably over a wide band. In addition, the narrow capacitance-tunable range of the mushroom cell limits the selection of the varactors, whose parasitic series resistances would, in turn, impact the insertion loss of the structure. The loss is currently measured to increase with the impedance. Fortunately, in some applications, the self-trapping experiment for example, very high impedance is not needed, so the loss is not that serious. It is still realizable to perform the experiment, which is what we have started recently. The loss issue could be improved by utilizing more efficient varactors or other components. Therefore, our future works will also involve the optimizations of the unit cell and the circuit.
